Thrombus formation at sites of disrupted atherosclerotic plaques is a leading cause of death and disability worldwide. Although the platelet is now recognized to be a central regulator of thrombus formation, development of antiplatelet reagents that selectively target thrombosis over hemostasis represents a challenge. Existing prophylactic antiplatelet therapies are centered on the use of aspirin, an irreversible cyclo-oxygenase inhibitor, and a thienopyridine such as clopidogrel (Plavix), which inactivates the ADP-stimulated P2Y 12 receptor. Whilst these compounds are widely used and have beneficial effects for patients, their antithrombotic benefit is complicated by an elevated bleeding risk and substantial or partial "resistance". Moreover, combination therapy with these two drugs increases the hemorrhagic risk even further. This review explores the possibility of inhibiting the platelet-surface ionotropic P2X 1 receptor and/or elevating CD39/NTPDase1 activity as new therapeutic approaches to reduce overall platelet reactivity and recruitment of surrounding platelets at pro-thrombotic locations. Since both proteins affect platelet activation at an early stage in the events leading to thrombosis, but are less crucial in hemostasis, they provide new strategies to widen the cardiovascular therapeutic window without compromising safety.
and CD73 (a 5′-nucleotidase). CD39 and CD73 are transmembrane proteins present on the surface of a variety of cells, including both endothelium and leukocytes. CD39 hydrolyzes luminal ATP and ADP to form AMP, which is then converted to adenosine via CD73 (reviewed in (Marcus et al. 2003) ) [ Figure 1 ]. Generated adenosine acts as an endogenous platelet inhibitor via the platelet A 2A receptor to further dampen platelet reactivity (Cooper et al. 1995) . Owing to their lability as autacoids, PGI 2 and NO are not therapeutically viable in their natural forms. In contrast, studies in animal models have shown that a recombinant soluble form of human CD39 (solCD39) has platelet-inhibitory properties (Pinsky et al. 2002) . Given the progress of solCD39 research as a potential antithrombotic agent, this review focuses on solCD39 in itself, although its use in combination with a synthetic CD73 might offer additional benefit.
When vascular integrity is breached, disruption of the protective endothelial layer exposes an underlying subendothelial environment rich in adhesive macromolecules, of which collagen represents a major component. Collagen is also exposed upon fissure of atherosclerotic plaques that are deposited during the aging process (Gawaz 2004 ). Whether collagen is exposed physiologically or pathologically, platelets bind to it via the immunoglobulin superfamily receptor glycoprotein VI (GPVI) and the α 2 β 1 integrin (Farndale 2006) . GPVI functions primarily to generate intracellular signals in response to collagen, while the main role of α 2 β 1 is to promote attachment of platelets to the vessel wall (Varga-Szabo et al. 2008 ). In addition, under high shear conditions, such as in small arteries and arterioles, collagen-bound von Willebrand factor (vWF) plays a key role in initially tethering platelets to the subendothelium through the platelet glycoprotein (GP) Ib-V-IX complex (Varga-Szabo et al. 2008, Ruggeri and Mendolicchio 2007) . Other adhesive proteins such as fibronectin and laminin and platelet surface receptors such as α 5 β 1 are also thought to be involved in platelet tethering and activation (Varga-Szabo et al. 2008, Ruggeri and Mendolicchio 2007) . Under conditions of rapid flow in the circulation, there is a narrow "time-window" during which platelets must become sufficiently activated to allow firm adhesion to the vessel wall via activated integrins; otherwise they detach and are swept away. The initial platelet response at the site of injury or ruptured plaque is therefore a key event that determines whether an occlusive thrombus may subsequently form. Alongside receptors for macromolecules exposed upon damage to a vessel wall, emerging evidence now suggests that the ATP-gated P2X 1 receptor plays a unique role in the early stages of platelet activation, particularly for collagen (Fung et al. 2005 , Hechler et al. 2003 , Mahaut-Smith et al. 2004 , Oury et al. 2001 ).
Whether initially activated physiologically or pathologically, platelets that have formed stable attachments to the underlying subendothelium generate an activated monolayer. These activated platelets lead to the local build-up of diffusible agonists that are secreted from dense granules (ADP, ATP and serotonin), synthesised within the platelet (thromboxane A 2 (TXA 2 )) or formed by the coagulation cascade (thrombin). Secondary activation by these agonists is important for amplification of platelet recruitment, especially when the initial stimulus is modest (Jackson 2007) . A variety of receptors are involved, but of particular importance in the context of this review is the ADP-dependent G i -coupled platelet P2Y 12 receptor, which synergises with P2Y 1 and other G q -coupled receptors (Gachet 2008) to induce inside-out activation of the major platelet integrin α IIb β 3 . Activated α IIb β 3 is the main receptor responsible for attaching platelets to each other in a developing thrombus via its main ligand fibrinogen, and probably also vWF (Ruggeri and Mendolicchio 2007) . Concerted platelet activation, in combination with fibrin formation as a result of the coagulation cascade, leads to a hemostatically stable thrombus. However, these thrombi also have the propensity to grow, eventually leading to physical occlusion of the vessel lumen, ischemia and tissue death (Nesbitt et al. 2006 ).
CD39/NTPDase1 can Transform a Local Prothrombotic Environment into an Antithrombotic Milieu
CD39 belongs to the E-NTPDase family of ectonucleotidases (Robson et al. 2006) and is localized mainly in endothelium and leukocytes; other E-NTPDase family members are absent from vascular cells and endothelium (Kaczmarek et al. 1996) . In addition to CD39, CD73 (5′-nucleotidase) is present on vascular cells and converts the AMP generated from CD39 metabolism to adenosine. Thus, in contrast to all other known platelet inhibitors, CD39 acting in concert with CD73 can convert the local environment from a prothrombotic ADP/ATP-rich entity to an antithrombotic adenosine-rich environment (Pinsky et al. 2002) [ Figure 1 ]. This was evident from observations that platelets were unresponsive to all agonists when in motion and in proximity to endothelial cells, even when eicosanoid and NO production were blocked (Marcus et al. 2003) . It is important to emphasize that CD39 and CD73 do not act on the platelet per se but act in series to metabolize ATP and ADP secreted from activated platelets to AMP and hence to adenosine (Marcus et al. 1997 ). This lock-step mechanism enables the two ectonucleotidases to ubiquitously attenuate or abolish platelet activation and recruitment regardless of the original stimulus, without a direct effect on platelets themselves.
Since collagen stimulation initiates dense granule release at the early stages of platelet activation (delay of 15-20 seconds) (Atkinson et al. 2003) , the enhanced metabolism of ATP and ADP by therapeutically administered solCD39 would reduce secondary autoamplification and recruitment and therefore, thrombus formation . Acting together with endogenous CD73, CD39 will also theoretically raise levels of endogenous adenosine to elevate the basal platelet activation threshold in the local microenvironment (as mentioned above). Additionally, anti-aggregatory and anti-inflammatory effects of adenosine reduce thrombus size and promote tissue repair, respectively (Deaglio et al. 2007, Kim and Liao 2008) . SolCD39 administration in vivo was shown to ameliorate the sequelae of stroke and reverse excessive platelet reactivity in a murine model, even when administered 3 h after stroke induction. This was not associated with bleeding complications such as intracerebral hemorrhage, an inherent complication observed with currently available therapeutic modalities (Pinsky et al. 2002) . This also suggests that solCD39 does not interfere with the major signaling pathways involved in hemostasis. Therapeutic benefit of solCD39 has also been demonstrated in animal models of cardiac ischemia (Marcus et al. 2003) , development of atherosclerosis (Koziak et al. 2008 ), regulation of leukocyte activity (Deaglio et al. 2007 ), inhibition of metastasis (Uluckan et al. 2008) , and for therapy in transplantation (Dwyer et al. 2004 ). Thus, the therapeutic window for optimal concentrations of solCD39 which could abrogate thrombosis without inducing hemorrhage is likely much wider than with existing antiplatelet therapies (Serebruany et al. 2008) . Together with the in vivo stability benefits of solCD39 (halflife of 7 days in porcine species) (Buergler et al. 2005) , it suggests that solCD39 could represent significant benefit to patients with a low threshold for platelet activation, or who are resistant to existing treatment paradigms . Such benefit might be further enhanced by development of a solCD39 and synthetic CD73 analogue combination.
P2X 1 Receptors represent a Unique Pathway during Early Platelet Activation
The P2X 1 receptor is unique amongst the array of proteins that mediate platelet activation, since it is the only ligand-gated Ca 2+ -permeable ion channel reported to date on the platelet plasma membrane (Mahaut-Smith et al. 2004) . With an activation time course in the order of a few milliseconds, ATP-gated P2X 1 receptors provide the most rapid pathway by which an agonist released during vascular injury can elevate cytosolic Ca 2+ in the platelet Rink 1987, Mahaut-Smith et al. 2000) . Intracellular Ca 2+ is a key second messenger during platelet activation, able to stimulate most platelet functional events on its own, although it will normally act in synergy with other signaling pathways to promote platelet responses (Jackson and Schoenwaelder 2003) . The rapid activation response of P2X 1 may be particularly important in faster flowing regions of the circulation. Indeed, studies to date indicate that the greatest contribution of P2X 1 receptors to platelet activation occurs in vitro under conditions of high shear and in vivo in thrombosis within small arteries and arterioles (Hechler et al. 2003) .
In contrast to the millimolar concentrations of ATP found in the cytosol or the near-molar concentrations stored in platelet granules (Holmsen and Weiss 1979) , P2X 1 receptors only require micromolar extracellular concentrations of this nucleotide for activation (Valera et al. 1994) . Therefore, the non-selective cation channel will be efficiently stimulated by ATP leaked from the cytoplasm of damaged vascular cells or released from platelet dense granules upon agonist stimulation [ Figure 2 ]. Selective activation of P2X 1 receptors induces weak platelet activation, including reversible shape change, granule centralization and microaggregate formation (reviewed in (Mahaut-Smith et al. 2004) ), but its main effects in vitro are the ability to synergistically enhance platelet activation by low concentrations of other agonists, particularly collagen (Hechler et al. 2003 , Oury et al. 2001 ) and thrombin (Erhardt et al. 2006 ). The exact mechanism by which P2X 1 achieves this effect is unclear, but recent evidence suggests that the ligand-gated ion channel can contribute substantially to the [Ca 2+ ] i increase following stimulation of a variety of other receptors, including those for collagen, thrombin, TXA 2 and even ADP (Fung et al. 2007) . As with functional responses, the overall contribution of P2X 1 is more important at lower concentrations of the primary agonist, at least for collagen and thrombin (Fung et al. 2007 ). For instance, P2X 1 receptor inhibition leads to a >90% reduction of the peak [Ca 2+ ] i increase stimulated by a low dose of collagen (0.25 μg ml -1 ) (Fung et al. 2005) . We have provided evidence that this contribution by P2X 1 occurs via a mainly autocrine (as opposed to paracrine) mechanism following release of ATP from dense granules (Fung et al. 2007 ). This could be particularly important in amplifying activation of individual platelets as they initially tether to the damaged vessel wall, when they are acting relatively independently of their neighbors.
A further property that distinguishes the P2X 1 receptor from other pathways of Ca 2+ mobilization is its insensitivity to cAMP and cGMP (Sage et al. 2000) . This renders P2X 1 receptor-mediated activation insensitive to two of the mechanisms whereby endothelium inhibits platelet activation, namely NO and PGI 2 , ( (Sage et al. 2000) ; CYE Fung and MP Mahaut-Smith, unpublished observations). In addition, although CD39 is able to metabolize ATP, the rate at which this occurs is likely to be insufficient to prevent local P2X 1 activation by released ATP. Consequently, the relative contribution of P2X 1 may be more substantial in the very initial stages of platelet activation when residual effects of NO and PGI 2 lead to depressed signaling through other receptors.
From a therapeutic standpoint, the above unique properties of the P2X 1 receptor suggest that this channel be considered as a novel antithrombotic target. This concept is further strengthened when one considers the minimal effect on the bleeding time in the setting of a substantial reduction in arteriolar thrombosis in mice lacking the P2X 1 receptor (Hechler et al. 2003) . Since this important role of P2X 1 in vivo has been proposed to result from an increased shear rate in small vessels, inhibition of the ligand-gated channel may lead to marked reduction in thrombus formation at sites of atherosclerotic plaques where some of the highest shear rates occur (Strony et al. 1993) .
Conclusion
Given the high costs of medical care, diagnostic procedures and therapy associated with cardiovascular disease and its complications, prevention or reversal of early events in thrombosis would provide significant benefits. A number of anti-platelet antithrombotic therapies exist, such as acetylation of cyclooxygenase by aspirin (Jackson and Schoenwaelder 2003) and inhibition of P2Y 12 receptors with irreversible, metabolism-requiring compounds such as prasugrel, clopidogrel and ticlopidine, or with reversible direct-acting inhibitors such as cangrelor and AZD6140 (Michelson 2008) . While these compounds have beneficial effects for patients, their antithrombotic benefit is complicated by an elevated bleeding risk in some (Buresly et al. 2005) , and "resistance" in others (Cerbone et al. 2008) . Combination therapy can increase the hemorrhagic risk even further (Serebruany et al. 2008) . α IIb β 3 inhibitors, such as abciximab, have also been developed, and can substantially inhibit platelet activation; however, their use is complicated by the associated risk of increased hemorrhage (Serebruany et al. 2008 ). There are similar concerns for several new anticoagulant compounds in development, such as heparins, Factor Xa (FXa) and thrombin inhibitors that neutralize upstream elements of the coagulation cascade (Greinacher and Warkentin 2008) .
We propose that solCD39 or a P2X 1 antagonist provide advantages over existing treatment paradigms, since they target early events within the platelet activation pathway in a manner that influences thrombotic events with little effect on hemostasis. This could be of particular benefit to certain patient subsets, for example patients with lower platelet activation thresholds (Buresly et al. 2005) , aspirin or clopidogrel low/non-responders (Cerbone et al. 2008) , or those where long-term administration leads to bleeding complications. Additional research is necessary to establish the effects of P2X 1 inhibition and solCD39 treatment in control of downstream platelet function in patients, their amelioration of clinical cardiovascular events and possible side-effects associated with therapeusis. Nevertheless, these two approaches merit further investigation in the search for safe and effective antiplatelet drugs. ATP and ADP released from damaged, inflamed, or activated cells are sequentially metabolized to AMP by CD39-bearing endothelial cells and/or leukocytes. AMP is then metabolized to platelet inhibitory adenosine by CD73, reverting platelets to the resting baseline state, thereby resulting in abolition of both platelet activation and recruitment, and thrombus formation. At sites of vascular damage, ATP is released into the circulation from the cytoplasm of endothelial or other injured cells in the vessel wall. In addition, platelet activation by major agonists (e.g. collagen via GPVI receptors, thrombin via PAR receptors and TXA 2 via TPα receptors) initiates ATP secretion from the dense granules. ATP activation of P2X 1 leads to rapid Ca 2+ influx and also potentiates intracellular Ca 2+ release via P2Y receptors (MahautSmith et al. 2004) . Possible mechanisms for this synergy include 1) upregulating production of IP 3 via phospholipase C and 2) directly potentiating IP 3 receptor-mediated Ca 2+ -store mobilization. The increase of [Ca 2+ ] i activates downstream Ca 2+ -dependent signaling pathways to accelerate platelet activation events, reducing the time window for platelet activation/adhesion.
